Objective: With the recognition of epilepsy as a network disease that disrupts the organizing ability of resting-state brain networks, vagus nerve stimulation (VNS) may control epileptic seizures through modulation of functional connectivity. We evaluated preoperative 2-deoxy-2[ Methods: Preoperative PET data of 66 VNS pediatric patients who were followed up for a minimum of 1 year after the procedure were collected for the study. Retrospective review of the patients' charts was performed, and five patients with inappropriate PET data or major health issues were excluded. We conducted an independent component analysis of FDG-PET to extract spatial metabolic components and their activities, which were used to perform cross-sectional metabolic network analysis. We divided the patients into VNS-effective and VNS-ineffective groups (VNS-effective group, ≥50% seizure reduction; VNS-ineffective group, <50% reduction) and compared metabolic connectivity differences between groups using a permutation test. Results: Thirty-four (55.7%) patients showed >50% seizure reduction from baseline frequency 1 year after VNS. A significant difference in metabolic connectivity evaluated by preoperative FDG-PET was noted between groups. Relative changes in glucose metabolism were strongly connected among the areas of brainstem, cingulate gyrus, cerebellum, bilateral insula, and putamen in patients with <50% seizure control after VNS. Significance: This study shows that seizure outcome of VNS may be influenced by metabolic connectivity, which can be obtained from preoperative PET imaging. This study of metabolic connectivity analysis may contribute in further understanding of the mechanism of VNS in intractable seizures. 
| INTRODUCTION
Approximately 20%-30% of epilepsy patients experience seizures that do not respond to antiepileptic drugs, 1 and as some are not eligible for epilepsy surgery, vagus nerve stimulation (VNS) can be a viable add-on treatment for pharmacoresistant epilepsy. 2, 3 Several prognostic factors for VNS therapy outcome have been discussed, and patients of younger age or shorter duration of epilepsy at the time of VNS implantation or etiology of epilepsy such as tuberous sclerosis have been reported to have better response in seizure reduction with VNS. 4, 5 However, the specific type of predominant seizures or etiology of epilepsy that benefit more from VNS differ in other reports. 6 These varying predictors of VNS effect may be due to the yet incomplete understanding of VNS mechanism and its influence on epilepsy.
Recently, the concept of epilepsy as a brain network disorder 7 has emerged, and some studies have indicated that intractable seizures may not be due to a focal origin but rather a complex network of the brain. 8, 9 Supporting this concept, some studies have reported that VNS may control seizures by modulating functional connectivity of the brain. 10, 11 Early studies of the effect of VNS on the electrophysiological activity of animal brain have shown that stimulation of the vagus nerve, the nucleus of the solitary tract (NST), and its main neuronal projection in the brainstem may evoke synchronization or desynchronization of the electroencephalogram (EEG), according to different intensities of stimulation. 12 Other studies have shown through EEG analysis that VNS may also induce changes in neural activity through global desynchronization. 13, 14 Functional neuroimaging such as 2-deoxy-2[ 18 F]fluoro-Dglucose (FDG) positron emission tomography (PET) also has been utilized to analyze neural connectivity in epilepsy. 8, 15 A number of PET studies of VNS-implanted patients have contributed to understanding the actions of VNS by analyzing changes on brain activation pattern after implantation. [16] [17] [18] Although specific locations may differ, regional cerebral blood flow increased in various brain regions of VNS patients in those studies, and considering the vast connection of the vagus nerve, the connectivity of these areas can be presumed to influence the effect of VNS. We hypothesized that a common glucose metabolism pattern or abovementioned brain connectivity may explain the different seizure control outcomes of VNS. By analyzing preoperative PET data in terms of metabolic connectivity and comparing patients' seizure outcome after VNS, we aimed to examine any prognostic value of PET for VNS and furthermore to utilize PET for better understanding of the antiepileptic action of VNS.
| MATERIALS AND METHODS
One hundred twenty-two children with epilepsy underwent VNS insertion at Severance Children's Hospital from 2004 to 2016. The patients were selected as candidates for VNS when at least three antiepileptic drugs at adequate doses for their specific type of epilepsy failed and the patients were considered pharmacoresistant. After preoperative evaluation of long-term video EEG monitoring for at least 48 to 72 hours, extensive brain magnetic resonance imaging (MRI), and additional functional neuroimaging, each patient was presented at a multidisciplinary epilepsy surgery conference for discussion. Eighty-four patients were evaluated with PET prior to vagus nerve stimulator insertion, some as part of the preoperative assessment for VNS, and some with previous PET imaging already performed as possible candidates for resective surgery who were found to be ineligible. Among them, 66 patients were followed up >1 year after the procedure, excluding five patients with inappropriate PET data or major health issues; 61 patients were included in the study for retrospective analysis. Initial seizure frequency was the sum of every seizure during the first 3 months before implantation; seizure frequency was followed up at 3, 6, 9, and 12 months from baseline and annually, and was measured by totaling the seizures from the past 3 months. The seizure reduction rate was estimated by calculating the percentage of reduced seizure frequency from initial visit to last visit. For patients who underwent additional surgery after VNS, the seizure reduction rate was measured from the seizure frequency recorded at the last visit before the additional procedure was performed, reflecting the unaffected influence of VNS on seizure outcome. After gradual titration of output current, VNS for most of the patients was set to standard cycling, with signal on for 30 seconds, signal off for 5 minutes, and output
Key Points
• PET-ICA showed significant differences in metabolic connectivity and nodal strength for VNSeffective and VNS-ineffective groups • VNS-effective patients with ≥50% seizure reduction from baseline demonstrated no connectivity among processed independent components • VNS-ineffective patients with <50% seizure reduction from baseline showed significant metabolic connectivity in certain brain regions • Strong metabolic connectivity in VNS-ineffective patients overlapped vagus nerve's main pathway of the nucleus of the solitary tract and more current adjusted up to a range of 2.0-2.5 mA, taking the patient's tolerance and seizure results into account. After 1 year of VNS, patients were categorized into the "VNS-effective" group when seizure frequency had been reduced by >50%; those with <50% reduction rate were classified into the "VNS-ineffective" group. Variables for the VNS-effective and VNS-ineffective groups were statistically compared using Mann-Whitney test for continuous variables, and Fisher's exact test and the chi-squared statistic for categorical variables. Statistical analyses for these were conducted with SPSS version 23.0 software, with the difference considered significant at P < 0.05.
| FDG-PET and MRI acquisition
All PET scans were performed prior to VNS. PET images were taken by using an Advance PET Scanner in threedimensional mode (n = 35) or Discovery STE PET Scanner (n = 26; GE). After fasting for about 4-6 hours, all patients received an intravenous injection of FDG (approximately 0.145 mCi/kg) and rested with eyes closed in a dark quiet room for the 40-minute uptake period. Some patients were sedated due to poor cooperation. To normalize individual FDG-PET spatially, we generated an adult FDG-PET template using pairs of FDG-PET and T1-weighted MRI volume (Philips Intera 1.5-T scanner) from 18 healthy adult subjects whose ages were between 25 and 35 years. Each patient's PET was coregistered to his or her MRI and was nonlinearly transformed to the Montreal Neurological Institute template space by applying nonlinear transformation from the MRI to the Montreal Neurological Institute MRI template, using Statistical Parametric Mapping 12 (Institute of Neurology, University College London, London, UK). 20 The nonlinearly transformed FDG-PET data were proportionally scaled and were averaged across subjects to generate a FDG-PET template used in the current study. All PET data of the study's patients were spatially and nonlinearly normalized to the FDG-PET data using Statistical Parametric Mapping 12. To enhance signal-to-noise ratio and compensate registration errors across patients, spatially normalized images were smoothed with the Gaussian kernel, with full width at half maximum at 8 mm.
| Independent component analysis of cross-sectional PET data
The analysis procedure for metabolic connectivity followed the method described in Cho et al. 21 Briefly, to examine the group difference in cross-sectional metabolic connectivity, we defined region of interests in a data-driven way using an independent component analysis (ICA; a blind source separation method) modified from our previous study 22, 23 in the following manner. For each PET image (total number, M = 61, ie, 34 VNS-effective and 27 VNSineffective), we extracted a vector of FDG-PET intensity from the voxels within the whole brain mask (total number of voxels, K = 210 720, corresponding to most of the gray and white matter regions). All voxel vectors from the M PET images (61 patients) were concatenated to a matrix x, which was decomposed into an independent component (IC) matrix s and a mixing matrix A using an ICA algorithm. In this study, 38 ICs were chosen after reducing the dimensionality of data by using a principal component analysis retaining 90% of the explained variance. The matrix sizes of x, s, and A were (M × K), (N × K), and (M × N). For each voxel, a vector of i-th PET image x i can be composed of N ICs s j , j = 1,..,N, as below,
where the weight a ij indicates the contribution of source s j to compose x i . This can be rewritten as,
where x i is a vector of the i-th PET image, s j is a j-th IC, and A is a M × N mixing matrix composed of weight elements a ij . The mixing matrix A can be estimated using ICA algorithms, which maximize the mutual independency between the estimated functional components. To reliably estimate the functional components, we followed an ICASSO framework 24 using FastICA. 25 In this ICASSO framework, we executed FastICA 100 times with random initial values. From the pool of components driven at each run, ICASSO searches cluster centroids by computing hierarchical clustering according to the dissimilarities among components using an average-linkage strategy. These cluster centroids are considered more reliable estimates for ICs. 24 PET-ICA generates "spatially" independent components, the weights of which (across subjects) are not necessarily independent; they can be used for statistical evaluation.
| Statistical analysis of metabolic weights of ICs
The mixing matrix A, driven by ICA algorithms, carries information on the weight (contribution) of each IC to a measured PET image. This weight was referred to as an activity of the component in this study. We compared each activity between two groups divided by seizure outcomes after 1 year of VNS: the VNS-effective group reporting ≥50% seizure reduction and the VNS-ineffective group with < 50% reduction.
| Metabolic network construction
Each IC (an independent set of brain regions identified by ICA) served as a node in the metabolic brain network. We used partial correlation-based connectivity estimation using the sparse inverse covariance estimation to construct the metabolic networks. To determine the optimal sparsity control parameter, a stability approach to regularization selection was utilized. 26, 27 The advantage of sparse inverse covariance estimation is that it renders zero for very weak connectivity, making the network sparse, and does not need a threshold for network analysis. Furthermore, we adopted a constrained optimization algorithm to estimate the strength of connections in the graph obtained by sparse inverse covariance estimation. 28 Because we have only two group-based networks each for the VNSeffective and VNS-ineffective groups, we conducted permutation-based statistical analysis to test statistical differences between networks of the VNS-effective and VNSineffective groups. First, we evaluated the observed groups' differential network, which is the network of the effective group subtracted from that of the ineffective group, with a null distribution of differential networks generated by permuting subject labels. The groups were also analyzed by re-estimating connection strengths or networks for each group based on the permuted labels. 29, 30 The entire subject labels were permuted 10 000 times. To correct the multiple testing problem in the statistical comparison of edges (connectivity) in the network (703 tests for a network with a size of 38), we have conducted false discovery rate (FDR) 31 corrections. An FDR threshold of 0.1 was used to determine the significance level, which was suggested to be reasonable per Efron. 32 For both observed and simulated networks, we calculated node strength for each node, which was defined as the sum of all positive edges from the node (ie, a weighted version of node degree in network analysis). 33 We disregarded the negative edges in the calculation of node strength, as the interpretation was complicated. Statistical analyses were performed with a multimodal network analysis toolbox written in house using MATLAB (R2017a; MathWorks).
| Statistical analysis
All clinical analyses employed IBM SPSS Statistics 23.0, and data were summarized as mean ± standard deviation when necessary. Mann-Whitney test and chi-squared test were used to compare variables or data between the VNSeffective and VNS-ineffective groups. A P value of ≤0.05 was considered significant.
| RESULTS
As seen from the characteristics of the patients of When MRI is considered, the distribution and type of MRI lesions varied evenly. As VNS was often considered the last resort for refractory epilepsy patients, 27 patients (44.3%) have had additional epilepsy surgeries, either prior to or after VNS. After 1 year of implantation, VNS reduced the seizures of the patients by an average of 56.17% when compared to their initial seizure frequencies; patients with aggravated seizures were excluded (Table 2) . Seizures were not controlled or were aggravated in 11 and four patients, or 18.0% and 6.6%, respectively. Of the 61 patients, 55.7% showed a seizure reduction rate of 50% or higher. When mean seizure reduction rate was analyzed according to the patients' etiologies, those with unknown causes showed the lowest seizure control rate at 34.9% when compared to other etiologies, but no significant difference was found, as genetic causes and metabolic syndrome groups were too small to be properly analyzed. When additional surgeries were considered, the seizure-free rate and 50% reduction rate showed no meaningful differences either.
| Decreased metabolic connectivity in

ICA method
All 38 ICs are displayed in Figure 1 (summarized in Table S1 ). The colored regions in each component in Figure 1 illustrate that they are metabolically connected with one another within the component. Figure 2 presents the observed metabolic connectivity matrices and nodal strength for the VNS-effective and VNS-ineffective groups. A metabolic connectivity map produced by partial correlation analysis shows the different network patterns between the two groups. (Statistical differences between the groups are included in Table S1 .) When compared to the VNS-effective group, significantly increased node strength was found in IC1 (cerebellum), IC9 (brainstem), IC19 (basal ganglia), and IC29 (left angular gyrus) of the VNS-ineffective group, whereas decreased node strength was found in IC8, the peak location of which is in the occipital lobe ( Figure 2C and Table S1 ; P < 0.05 | 2253 uncorrected). Among these nodes, IC8 and IC29 passed FDR correction with FDR < 0.1. Among the weights of components in the VNS-ineffective group, the coupling of IC9 with IC25 (P = 0.003) and IC9 with IC27 (P = 0.002) showed significantly increased correlation to involved components, compared to corresponding ICs of the VNS-effective group (FDR < 0.1, Figure 3 ). In contrast, no significant correlation was found among the weights of components in the VNS-effective group.
Such correlation between these components, computed by the ICA method, means that relative change in glucose metabolism of each component is closely related to the coupled component in the FDG-PET imaging, indicating metabolic connectivity between the involved components.
A component with such significance is IC9, which includes the brainstem, anterior cingulate gyrus, and cerebellum. The component closely related to IC9 is IC25, composed of the thalamus, cerebellum, lingual gyrus of occipital lobe, and medial orbitofrontal gyrus. The other component that coupled with IC9 is IC27, comprising the precentral gyrus, middle cingulate gyrus, and supramarginal gyrus. According to the ICA method, relative changes in IC9 were closely linked to the changes in the IC25 region and IC27.
| DISCUSSION
In comparison to previous studies of VNS effect and potential prognostic factors, we processed FDG-PET images that were acquired prior to the procedure. Being a major epilepsy surgery center in South Korea, we were able to recruit >50 patients who have been previously evaluated with PET as possible surgical candidates, which is a larger pool of patients when compared to previous PET studies of VNS. Furthermore, rather than interpreting individual PET images, connectivity analysis was conducted to better comprehend the varying glucose metabolism mapping of the heterogeneous patient group. No clinical factor significantly influenced the seizure outcome of VNS, and no discriminating metabolic connectivity was noted among the VNS-effective group, whereas the patients with poor seizure control showed metabolic connectivity in certain brain regions.
| FDG-PET for network analysis in epilepsy
For its sensitivity for presurgical localization of epileptogenic foci in refractory epilepsy patients with nonspecific MRI or EEG finding, PET has become a necessary step for epilepsy resective surgery. Its predictive value for epileptogenic zone and surgical outcome has been reported, especially for temporal lobe epilepsy. 34 Studies of PET data from epilepsy patients have shown correlation of hypometabolism and epileptogenicity, or the topography of abnormal metabolism, which can imply a dysfunctional neural network. 34, 35 However, how PET scans often show F I G U R E 2 Metabolic connectivity matrices and nodal strength for the vagus nerve stimulation (VNS)-effective and VNS-ineffective groups.
A, B, Metabolic connectivity maps were generated by partial correlation analysis. Nodal strength for each node was defined by the sum of all positive connections from the node. C, Nodal strengths are displayed for the nodes having nonzero strength in one of the two groups. *P < 0.05, **P < 0.01. Only IC8 and IC29 passed the false discovery rate < 0.1 criterion for multiple comparison. IC, independent component hypometabolism beyond the presumed epileptogenic zone 8 and how they are relatively less sensitive in analyzing extratemporal lobe epilepsies 36, 37 can be confounding for patients with intractable epilepsy. In analyzing brain connectivity, functional MRI's blood oxygenation level-dependent signal has been frequently used. Whereas blood oxygen level-dependent imaging measures a combination of hemodynamic parameters for cerebral blood flow and its volume, thus reflecting the neuronal activities indirectly, PET can construct metabolic connectivity, directly expressing neuronal energy demands. 38, 39 Hypothesizing that brain regions are metabolically connected when glucose uptake is correlated between the involved regions in PET, 40 we have retrospectively analyzed preoperative PET information for patients who received VNS implantation via cross-sectional PET-ICA.
| Mechanism of effect of VNS on abnormal networks in epilepsy
Recently, abnormal networking in epilepsy has been increasingly investigated in patients with mesial temporal lobe epilepsy using the means of EEG, MRI, and PET to show specific large-scale brain networks that are implicated interictally. 8, 13, 41 Similar studies of brain connectivity are ongoing for VNS patients as well, which reported that EEG desynchronization or changes in brain connectivity may be induced by VNS. 12, 14, 42 We hypothesized that such connectivity may be also found in the glucose metabolic patterns of FDG-PET of refractory epilepsy patients, who had to undergo VNS as a last resort for seizure control, and that it may work as a predictive biomarker for VNS outcomes.
Patients in the VNS-ineffective group, those who have reported seizure control <50% from baseline, had increased correlations between specific areas according to this study's PET-ICA results. In contrast, such metabolic connectivity was not found in the VNS-effective group with >50% seizure reduction through VNS implantation. When the metabolic connectivity maps of the two groups were compared, the latter group showed relatively less strongly connected nodes ( Figure 2B ) and overall lower nodal strength (Figure 2C ) compared to the VNS-ineffective group. Comparatively, the VNS-ineffective group had more components with higher nodal strength ( Figure 2C ). These increased correlations among the ICs of PET imply stronger metabolic connectivity between the involved areas and may be the reason for poor seizure control.
On the topic of VNS's desynchronizing effect, some studies have shown that VNS lowered functional connectivity during the "on period" and that patients with decreased functional connectivity responded better to F I G U R E 3 Group differences in metabolic connectivity. The vagus nerve stimulation (VNS)-ineffective group had a significant connectivity (FC ie ) between pairs of independent components (ICs): IC9 and IC25, IC9 and IC27. The VNS-effective group did not have these types of significant connectivity. x, y, and z indicate the position of the peak intensity for each component. ACC, anterior cingulate gyrus; CAL, calcarine sulcus; CBL, cerebellum; IPL, inferior parietal lobe; LG, lingual gyrus; MB, midbrain; MCC, middle cingulate gyrus; MeOF, medial orbital frontal gyrus; MiOF, middle orbital frontal gyrus; PoC, postcentral gyrus; PON, pons; PrC, precentral gyrus; RN, red nucleus; SMG, supramarginal gyrus; THL, thalamus VNS. 13, 43 Others have demonstrated global desynchronization in the gamma frequency band in responders 42 and reorganization of large-scale functional connectivity due to VNS. 10 Although our method differed from those of previous studies in that it analyzed FDG-PET in VNS pediatric patients, we report the concurring influence of VNS upon brain network, specifically its desynchronizing effect on the hypersynchronic property of epilepsy. Such a decrease in cortical synchrony has been previously postulated to have a potential impact on seizure prevention and to counterbalance the spreading of seizures. 13 This may explain why patients with stronger metabolic connectivity achieved poorer seizure outcome, whereas those with better seizure control had weaker connectivity. The spatial distribution of the couplings that showed statistically meaningful connectivity (IC9 and IC25, IC9 and IC27) further emphasizes their metabolic linking (Figure 3) . When IC9, IC25, and IC27 component areas are examined, most are regions that are presumably involved in VNS's mechanism of action. In particular, the involved area of brainstem in IC9 overlaps with the NST, locus coeruleus, dorsal raphe nucleus, and cingulate cortex (Figure 1B) , which are known to be activated by VNS. 44, 45 The involvement of cerebellum is consistent with the known projection of the vagus nerve to the NST and projection of the NST to the inferior part of the cerebellum. 46 Other regions included in metabolic connectivity were also confirmed in previous studies of PET in VNS patients, where changes in orbitofrontal cortex and insula were noted with VNS. 17 This anatomical resemblance of resistant neural network to the route of VNS action suggests that strong metabolic connectivity or synchrony may underlie intractable seizures. Our study did not show significant difference in connectivity to the thalami between the two groups, such as IC6, but minor metabolic connectivity difference was noted in the lateral portion of thalamus, the subnuclei seen in IC9 and IC25. This finding further suggests the role of different parts of thalami, which is often considered a major part of the anticonvulsant mechanism of VNS according to some PET or single photon emission computed tomography studies, 17, 47 and this finding should be further investigated in upcoming research.
| Limitations of the study
As previous studies have indicated that FDG-PET was more accurate in evaluating localized epileptic network in temporal lobe epilepsy patients, 36, 37 not differentiating temporal and extratemporal lobe epilepsy may confound the significance of our finding. We may have been able to observe whether temporal lobe epilepsy patients demonstrate stronger metabolic connectivity in PET, affecting their response to VNS. But more specific grouping would have downsized the statistical data and consequently its statistical power as various types of epilepsy patients with diverse etiology were enrolled. A sensitivity analysis comparing seizure-free patients' data to other patients' data might have returned stronger support for the study, but the small number of patients was insufficient for credible analysis. However, multivariate analysis using ICA demonstrated a significant difference in the metabolic connectivity of the responders and nonresponders, showing the advantage of ICA over univariate subtraction methods in providing network information, especially because each region of the brain works in collaboration with other interconnected areas. Metabolic connectivity utilizing cross-sectional data was used for an explorative study at the group level; it may be premature to use this to predict patient's individualized prognosis in this current form. For more individualized analysis with stronger prognostic value, machine learning (support vector machine) is being tested in cooperation with this study's methodology of metabolic connectivity, with promising but still preliminary results.
Furthermore, this study is one of the few reports that have analyzed FDG-PET in correlation to VNS outcome, which is comparable to previous studies that mostly employed EEG, MRI, or functional MRI. Similar to several temporal lobe epilepsy studies, 8, 15 we were able to find disrupted neuronal network demonstrated with increased metabolic connectivity on PET-ICA among our heterogeneous patients. The anatomy correlated with this metabolic connectivity also recognizes areas that are known or hypothesized to be part of VNS modulation. As brain imaging is highly dependent on imaging techniques, underlying analytic assumptions, and numerous stages of analysis, it is not surprising that literature on VNS functional imaging is incongruent, especially regarding specific locations and direction of activation. The clinical heterogeneity of refractory epilepsy patients who are usually candidates for VNS further complicates these analyses. With a larger sample size compared to previous literature, and with the reproducibility of the study's design for VNS candidates, this study reinforces the effect of VNS on the brainstem and the connected limbic and cortical areas. Furthermore, the correlation of poor seizure control and increased cortical synchrony, noted on network analysis with PET-ICA, may provide key insights into refractory epilepsy and improved treatment.
